Abstract. Cyclin D1 plays an important role in cell cycle progression. Increasing evidence indicates that cyclin D1 is overexpressed in the majority of tumor cells and has become a potential target for tumor therapy. However, little research has been done on the specific inhibition of cyclin D1 for cancer therapy. With the rapid development of the phage display antibody library technique, single-chain variable fragment (scFv) antibodies have emerged, which have tremendous application prospects in cancer therapy and diagonosis. In this study, a human scFv binding specifically to cyclin D1 (AD5) that was derived from a human semi-synthetic scFv phage library was expressed in the soluble form in Escherichia coli (E. coli) HB2151 cells. To characterize AD5, soluble AD5 was purified successfully through ammonium sulfate precipitation and affinity chromatography from the culture supernatant of AD5/HB2151. ELISA assay revealed that purified soluble AD5 could specifically bind to human recombinant cyclin D1 with approximately (1.19±0.056) x 10 7 M -1 affinity constant and showed approximately 52% competitive inhibition with the anti-cyclin D1 polyclonal antibody for binding to cyclin D1 in vitro. These results suggest that the scFv antibody against cyclin D1 may be a novel potential tool for targeting cyclin D1 in cancer therapy and diagnosis.
Introduction
Cell cycle progression in eukaryotic organisms is primarily controlled by cyclin-dependent kinases (CDKs), cyclins and CDK inhibitors. Cyclin as a regulatory subunit forms a heterodimeric complex with corresponding CDKs. The activated cyclin/CDK complex phosphorylates a set of substrates required for continued cell cycle progression and triggers transition to distinct cell cycle phases. During the G1 phase, D-type cyclins (D1, D2 and D3) accumulate in response to mitogenic stimulation and form active kinase complexes with their catalytic partners, CDK4 and CDK6 (1) . Cyclin D1 plays a vital role in promoting the G1/S transition of the cell cycle by inactivating the retinoblastoma protein (Rb) through superphosphorylation. Phosphorylated Rb liberates E2F and other Rb-bound transcription regulators, leading to the activation of S phase-specific genes (1, 2) . The deregulation of cyclin D1 may promote the development of tumors. The amplification of the cyclin D1 gene and the overexpression of cyclin D1 proteins have been reported in a large proportion of human cancers, including human breast, lung and gastrointestinal malignancies. For example, approximately 15-20% of human mammary carcinomas contain the amplification of the cyclin D1 gene, while cyclin D1 is overexpressed at the mRNA and protein level in >50% of breast cancers (3) (4) (5) (6) . Furthermore, cyclin D1 is required for tumor initiation and maintenance, as the genetic ablation of murine cyclin D1 has been shown to result in resistance to ErbB2-driven mammary adenocarcinomas, and the ubiquitous shutdown of cyclin D1 in mice bearing ErbB2-driven mammary carcinomas has been shown to trigger tumor cell senescence (7) (8) (9) . The gene encoding cyclin D1 is an oncogene and represents the second most frequently amplified locus in a diverse set of human cancer genomes, as revealed by recent findings (10, 11) . Due to its frequent deregulation and essential requirement in cancer, cyclin D1 has been the focus of cancer research and the potential target of drugs designed for cancer treatment (3, 5, 8, 11) . However, little research has been done on the specific inhibition of cyclin D1 for cancer therapy.
Antibodies have been shown to have a number of applications in biotechnology and clinical medicine, particularly in the field of oncology, due to their high specificity and affinity binding to target antigens (12, 13 (14, 15) . scFv antibodies have tremendous potential in cancer prevention, diagnosis and therapy due to their specific binding affinity to the antigen, their small size, superior biodistribution and blood clearance, and can be easily engineered or modified to create intrabodies (12, 13, (16) (17) (18) . Recently, we constructed an anti-cyclin D1 intrabody (AD5N) by linking a nuclear localization signal sequence to the human anti-cyclin D1 scFv AD5 coding gene obtained from the human semi-synthetic scFv phage library. The expression of AD5N inhibited the growth and proliferation of HeLa and MCF-7 cells (19, 20) . Our previous studies indicated that the scFv antibodies may be a powerful tool which can be used to block the function of overexpressed cyclin D1. In order to achieve the optimal knockout of cyclin D1 by the anti-cyclin D1 scFv antibody, further understanding the characteristics of this scFv is required.
In this study, a human scFv antibody against cyclin D1 (AD5) that was derived from a human semi-synthetic scFv phage library was expressed in the soluble form in Escherichia coli (E. coli) HB2151 cells. The purification and identification of AD5 was conducted successfully by using affinity chromatography, ELISA and western blot analysis. Its binding affinity to cyclin D1 was measured by non-competitive enzyme immunoassay. This study lays the foundation for the use of anti-cyclin D1 scFv antibody for a variety of basic research and potential gene therapy strategies.
Materials and methods

Materials.
The helper phage, VCSM13, the E. coli strains, HB2151 and XL1-Blue, ovalbumin (OA) and tumor necrosis factor α (TNFα) were generously provided by Professor Yan Wang (Navy General Hospital, Beijing, China). Phagemid AD5 encoding anti-cyclin D1 scFv antibody and V5 tag was screened from a human semi-synthetic scFv phage library (generously provided by Professor Yan Wang) (21) . The antibody against cyclin D1 was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The antibody against V5 tag was purchased from Invitrogen (Carlsbad, CA, USA). The antibody against His tag was purchased from HangZhou HuaAn Biotechnology Company (Hangzhou, China). Horseradish peroxidase (HRP)-conjugated IgG was purchased from the Protein Tech Group (Chicago, IL, USA). The HRP-conjugated anti-M13 antibody, HisTrap HP colomns and PD-10 desalting columns were purchased from Amersham Pharmacia Biotech, Inc. (Piscataway, NJ, USA). Bovine serum albumin (BSA) and Coomassie blue R-250 were purchased from Sigma (St. Louis, MO, USA).
Binding activity of phage antibodies with cyclin D1. E. coli XL1-Blue competent cells were transformed by the phagemid AD5 and were then allowed to grow on SB agar plates containing 50 µg/ml ampicillin and 10 µg/ml tetracycline overnight at 37˚C. Ampicillin-and tetracycline-resistant colonies carrying phagemid AD5 (AD5/XL1-Blue) were grown in SB medium containing 50 µg/ml ampicillin and 10 µg/ml tetracycline at 37˚C to optical density (OD) 600 0.5. VCSM13 helper phage were added to the culture of E. coli AD5/XL1-Blue, followed by incubation without shaking at 37˚C for 1 h. The infected cells were then incubated with shaking overnight at 30˚C under 30 µg/ml kanamycin resistance. The culture supernatants containing phage antibody AD5 were obtained by centrifugation and were then subjected to the analysis of binding activity by ELISA assay in the microtiter plates (Nunc) coated with purified cyclin D1 (22) as antigen or OA, TNFα and BSA as irrelevant antigens controls. VCSM13 helper phage was added to the microtiter plates (Nunc) coated with purified cyclin D1, OA, TNFα and BSA instead of the culture supernatants containing phage antibody AD5 to verify the binding specificity. Following incubation with the above phage supernatants and HRP-conjugated anti-M13 antibody, the reaction was developed by adding o-phenylenediamine (OPD) and monitored by a microplate reader (Thermo Labsystems, Waltham, MA, USA) at wavelengths of 492 nm.
Expression and identification of soluble AD5. Amber nonsuppressive E. coli HB2151 cells were infected by the above phage clones to obtain E. coli AD5/HB2151 that can express the soluble AD5. E. coli AD5/HB2151 cells were stimulated by isopropyl β-D-1-thiogalactopyranoside (IPTG) to induce the expression of soluble AD5. The culture supernatant of AD5/HB2151 was collected by centrifugation after IPTG induction overnight at 30˚C shaking. The expression and binding activity of soluble AD5 to cyclin D1 were conducted by ELISA assay in the microtiter plates (Nunc) coated with purified human recombinant cyclin D1, as previously described (22) as antigen or OA, TNFα and p16 as irrelevant antigens controls, followed by sequential incubation with the above culture supernatant of AD5/HB2151, V5-tag antibody and HRP-conjugated IgG. The reaction was developed by adding OPD and monitored by a microplate reader (Thermo Labsystems) at wavelengths of 492 nm. The microtiter plates (Nunc) coated with the above proteins were incubated with PBST (0.05% Tween-20 in PBS) containing 1% of BSA instead of anti-V5-tag antibody as the negative controls (NC).
Purification of soluble AD5. The culture supernatant of AD5/HB2151 stimulated by IPTG overnight at 30˚C was supplemented with various concentration of solid ammonium sulphate and stirred at 4˚C for 5 h. The solution was then centrifuged and the pellet was retained. The pellet containing AD5 was dissolved with ice-cold PBS and dialyzed in PBS buffer overnight at 4˚C. Following centrifugation, the clear supernatant was collected and applied to affinity chromatography with His Trap HP column equilibrated with binding buffer (50 mM phosphate-buffer, pH 7.4, 500 mM NaCl, 10 mM imidazole). The column was then washed sequentially with binding buffer, washing buffer (50 mM phosphate-buffer, pH 7.4, 500 mM NaCl, 40 mM imidazole) and eluting buffer (50 mM phosphate-buffer, pH 7.4, 500 mM NaCl, 500 mM imidazole). The purification of AD5 was examined by running an aliquot of the collected samples on 12% SDS-polyacrylamide gel electrophoresis (PAGE) and then stained with Coomassie blue R-250. The purified AD5 was desalted by PD-10 desalting columns. The AD5 proteins were kept at -80˚C after the determination of the concentration by Bradford assay.
Immunoblotting. The samples were subjected to SDS-PAGE and the separated proteins were electrophoretically trans-ferred onto nitrocellulose membranes (Bio-Rad, Hercules, CA, USA). Non-specific binding was blocked with PBST (0.05% Tween-20 in PBS) containing 5% non-fat milk for 1 h at room temperature. The membranes were then incubated overnight at 4˚C with antibodies against His tag or V5 tag in PBST containing 1% non-fat milk at the dilutions specified by the manufacturers. Following 3 washes with PBST, the membranes were then incubated with the HRP-conjugated secondary antibodies at 1:5,000 dilution in PBST containing 1% non-fat milk for 1 h at room temperature. The membranes were then washed 3 times with PBST and the protein bands were detected using the western blotting detection system.
Competition ELISA. Cyclin D1 (1-10 µg/ml) was coated onto the surface of wells in a 96-well microtitre plate (Nunc) overnight at 4˚C. Following blocking, 50 µl of AD5 (10 µg/ml in PBST containing 3% non-fat milk) and an equal volume of rabbit anti-cyclin D1 antibody (1:1,000 dilution in PBST containing 3% non-fat milk) were added to each well as the test group. Wells with only 100 µl of rabbit anti-cyclin D1 antibody (1:2,000 dilution in PBST containing 3% non-fat milk) were used as the positive controls. A total of 50 µl of OA or TNFα (10 µg/ml in PBST containing 3% non-fat milk) and equal volume of rabbit anti-cyclin D1 antibody (1:1,000 dilution in PBST containing 3% non-fat milk) were added to each well to examine the specific binding between AD5 and cyclin D1. After 2 h of incubation at 37˚C, the plate was washed with PBST followed by detection using HRP-conjugated goat anti-rabbit antibody as described above. The reaction was developed by the addition of OPD and monitored by a plate reader (Thermo Labsystems) at wavelengths of 492 nm. The inhibition rate of AD5 to anti-cyclin D1 polyclonal antibody was calculated using the following formula: inhibition rate (%) = (OD 492 of the positive control -OD 492 of the test group)/ OD 492 of the positive control x100%.
Determination of affinity. Non-competitive ELISA was used to determine the affinity of AD5 to cyclin D1 as previously described (23) . Briefly, a 96-well plate was coated with serial dilutions of recombinant human cyclin D1 protein at 4˚C overnight. Four different concentrations of cyclin D1 were used. Following incubation with serial dilutions of AD5, the plate was sequentially incubated with anti-V5 tag antibody and HRP-conjugated goat anti-mouse IgG. The binding reaction was detected by the addition of OPD and monitored by a microplate reader (Thermo Labsystems) at wavelengths of 492 nm. Three parallel wells were used in a plate for each concentration of cyclin D1 and AD5. The amount of AD5 (Ab' or Ab) adherent to cyclin D1 (Ag' or Ag) on the plate was reflected by the enzyme product measured by OD 492 . Sigmoid curves were made from OD vs. the logarithm of total Ab added to the well. The affinity constant (K aff ) of the antibody was calculated using the following formula: K aff = (n experiments. All values are expressed as the means ± SD of 3 parallel measurements. Data were analyzed using the Student's t-test and values of P<0.05 were considered to indicate statistically significant differences.
Results
AD5
antibody binds specifically to cyclin D1. When the phagemids were rescued by helper phages derived from M13 (VCSM13), the scFv-gene was fused with gene III of the M13 phage and expressed as a scFv at the tip of the phage particle. This is convenient for the detection of the specific binding of an antibody to a protein. In this study, the phagemid AD5 was transferred into E. coli XL1-Blue cells and was then rescued by helper phage VCSM13. The ELISA results demonstrated that the culture supernatants containing phage antibody AD5 showed selective binding to cyclin D1. As illustrated in Fig. 1A , the absorbance at 492 nm for AD5 phage binding to cyclin D1 was 0.980±0.044, which was significantly higher than the irrelevant antigen control groups (P<0.01). However, compared with the AD5 phage binding activity, the absorbance at 492 nm for the negative control VCSM13 helper phage binding to cyclin D1 was distinctly lower (0.100±0.005; P<0.01). Moreover, the VCSM13 helper phage showed a very similar binding activity to cyclin D1 and the irrelevant antigen control groups (P>0.05). This suggests that the phage antibody AD5 has specific binding affinity to cyclin D1.
In order to identify the binding affinity of soluble AD5 to cyclin D1, amber non-suppressive E. coli HB2151 cells were transduced with the AD5 phage clones and stimulated by IPTG to induce the expression of soluble AD5. The ELISA results revealed a significantly higher binding affinity for soluble AD5 to cyclin D1. As shown in Fig. 1B , the absorbance at 492 nm for soluble AD5 to cyclin D1 was 1.43±0.0785 compared with 0.096±0.006, 0.105±0.007 and 0.045±0.011 to TNFα (P<0.01), OA (P<0.01) and p16 (P<0.01), respectively. For the negative controls, although it showed a much lower value than that for soluble AD5 to cyclin D1 (P<0.01), there was no siginificant difference among the lower absorbance to the above proteins incubated with BSA instead of anti-V5-tag antibody (P>0.05).
Purification of soluble AD5. Soluble AD5 was expressed in E. coli AD5/HB2151 and secreted into the culture medium. To purify soluble AD5, the separation of crude proteins was first conducted by ammonium sulfate precipitation from the culture supernatant of E. coli AD5/HB2151 (Fig. 2) . The gradient ammonium sulfate precipitation indicates that a 40% saturation of ammonium sulfate is opitmal, which can not only eliminate contaminations of most other proteins but can also yield more partially purified proteins for the next purification (data not shown). Therefore, 40% ammonium sulfate precipitation provides the optimal conditions for further purification. The crude proteins were then adsorbed to His Trap HP column. SDS-PAGE analysis of the eluted fractions revealed that a single band of approximately 33 kDa was detected (Fig. 2) .
Since AD5 contains a His tag at N-terminal and V5 tag at C-terminal, AD5 as identified by western blot analysis using anti-V5 or anti-His antibody immunoreactivity. As shown in Fig. 3A , the western blot images displayed that following induction by IPTG, cell lysis of E. coli AD5/HB2151, the culture supernatant of E. coli AD5/HB215 and purified AD5 protein all showed a clear protein band of approximately 33 kDa. The protein band was not detected in the cell lysis of E. coli AD5/HB2151 without IPTG induction. These results suggested that soluble AD5 was expressed in E. coli AD5/HB2151 cells, secreted into the culture supernatant and was purified successfully.
In order to examine the binding activity of purified AD5 to cyclin D1, an ELISA assay was performed. As shown in Fig. 3B , the absorbance at 492 nm for the purified AD5 to cyclin D1 was significantly higher than that of the irrelevant antigen BSA and the negative control (NC) (P<0.01). However there was no siginificant difference among the lower absorbance of BSA and the negative control (P>0.05).
AD5 competes with anti-cyclin D1 polyclonal antibody to bind to cyclin D1.
To detect the competitive inhibition ability of AD5 with the anti-cyclin D1 polyclonal antibody to bind to cyclin D1, competition ELISA experiments were conducted. As illustrated in Fig. 4 , when cyclin D1 was incubated only with anti-cyclin D1 polyclonal antibody, the OD 492 was 1.029±0.027. Following incubation with anti-cyclin D1 polyclonal antibody mixture containing AD5, the OD 492 was markedly reduced to 0.495±0.006. However, when cyclin D1 was incubated with anti-cyclin D1 polyclonal antibody mixture containing the irrelevant antigens, TNFα, OA or BSA, the OD 492 was 0.930±0.013, 0.990±0.009 and 0.848±0.039, respectively, which showed no significant difference compared with the positive control group (P>0.05). These results indicated that AD5 significantly inhibited the binding between anti-cyclin D1 polyclonal antibody and cyclin D1 (P<0.01). According to the above formula, we found that the inhibition rate was approximately 52%. This suggests that AD5 competes with the anti-cyclin D1 polyclonal antibody to bind to cyclin D1.
Affinity of AD5.
The relative affinity constant of AD5 was measured by non-competitive enzyme immunoassay, as previously described by Beaty et al, which is able to measure K aff by solid-phase EIA using serial dilutions of antigens (coating the plate) and antibody (23) . According to the 4 concentrations of cyclin D1 (4.40, 2.20, 1.10 and 0.55 µg/ml) coated onto the plates, 4 sigmoid curves were made from OD vs. the logarithms of AD5 concentrations added to the wells (Fig. 5) . As shown in Table I , according to the curves and the formula, 6 affinity constants (3 for n=2, 2 for n=4 and 1 for n=8) were obtained for AD5. .
Discussion
Cyclin D1 is a component of the core cell cycle machinery. Cyclin D1 activates CDK4 and CDK6 and drives cell growth and proliferation. Its deregulation may promote the development of tumors (3, 5, 8, 9) . Cyclin D1 may be a potential prognostic marker and a therapeutic target in cancer (5, 9, 10, 24) . Although previous studies have indicated that the function of cyclin D1 is inhibited by using inhibitors to CDK4 (8, 9) , this is not sufficient to block the activity of cyclin D1, as cyclin D1 has been reported to modulate the activity of several transcription factors independent of binding to CDK4 (25, 26) . Therefore, there is a pressing need to develop inhibitory strategies targeting cyclin D1. Antibodies have been proven to be attractive anticancer agents due to their high specificity and affinity towards targeting antigens (12, 13) . In this study, a human scFv antibody against cyclin D1 (AD5) that was derived from a human semi-synthetic scFv phage library was expressed in the soluble form in E. coli HB2151 cells. Soluble AD5 was isolated from culture supernatants by the saturation of ammonium sulfate precipitation at a concentration of 40%, and purified successfully through the His Trap HP column. AD5 could specifically bind to human recombinant cyclin D1 with approximately (1.19±0.056) x 10 7 M -1 affinity constant and showed approximately 52% competitive inhibition with the anti-cyclin D1 polyclonal antibody for binding to cyclin D1. These results demonstrated that a human anti-cyclin D1 scFv antibody specifically binding to cyclin D1 was successfully prepared. scFv antibodies have been successfully isolated and displayed in various expression systems, including E. coli cells (27, 28) . Previous studies have demonstrated that the majority of scFv antibodies are expressed as insoluble inclusion bodies in the cytoplasm of E. coli cells (27) (28) (29) (30) . Although Table I . Affinity calculated from the non-competitive ELISA curves of AD5 antibody against cyclin D1. Following incubation with serial dilutions of AD5 to conduct non-competitive ELISA assay, the AD5 concentration (nM) of every curve corresponding to half the maximum absorbance value was calculated according to the methods described in 'Materials and methods'. Then 6 affinity constants and the average affinity constants were acquired.
the inclusion bodies can easily be separated from the soluble proteins of host cells and increase the yield of the purified product, the inclusion bodies require denaturation and refolding, which increases the difficulty to produce active soluble scFv antibodies (27) . To overcome this problem, a signal peptide is used to direct the secretion of the scFv antibodies to the periplasmic space and culture medium in soluble form (31) . In this study, soluble scFv antibody was expressed in non-suppressive E. coli HB2151 bacteria cells. There is a succinic acid termination codon gene between the phage pIII gene and scFv gene. When the phage is infected into nonsuppressive E. coli HB2151, the succinic acid termination codon will be translated to the termination codon. Therefore, the scFv gene will not be expressed as a fusion protein with pIII in HB2151, but it will be expressed as the soluble protein and secreted into the periplasmic space and culture medium. In this study, after induction with IPTG, we found there was soluble anti-cyclin D1 scFv antibody (AD5) in the supernatant of culture medium by ELISA assay and western blot analysis. The active purified soluble AD5 was obtained successfully through affinity chromatography. Therefore, the expression system for soluble AD5 we applied in this study is certainly feasible. Affinity of the antibody is a critical parameter that shows the ability of the antibody to bind to its antigen. scFv antibodies from either the semi-synthetic or naive antibody library generaly bind to their antigens with lower affinities, ranging from 10 6 -10 9 M -1 (32) . In this study, the scFv antibody AD5 showed an approximately 10 7 M -1 affinity constant. Although scFv AD5 has an affinity to the antigen within the regular range, AD5 exhibits a slightly lower binding activity. The reason for this lower affinity of scFv antibodies may be related to the monovalent nature of the scFv molecule (33) , and the non-immunized semi-synthetic antibody library we used (34) . Although antibodies with moderate affinity (10 -7 -10 -9 M) may contribute to effective penetration into tumors and moderate retention on tumor cells (32) , the moderate antibody affinity or specificity may be insufficient for diagnostic or certain therapeutic applications (27) . In order to obtain higher affinity for scFv, optimization of antibodies by either site-directed mutagenesis or chain shuffling is necessary (32) . Using sitedirected mutagenesis of the variable light chain and variable heavy chain CDR3 regions, Adams et al (32) generated a series of affinity mutants from the original C6.5 scFv. These scFv antibodies bind to the same epitope of HER-2/neu with affinities ranging from 10 -6 to 1.5x10 -11 M (32,35) . According to the intended application, the optimization of AD5 with appropriate affinity for antibody-based therapeutics will be carried out further using approaches similar to those outlined above.
In conclusion, cyclin D1 is a potential target for cancer prevention and treatment (9, 10) . In this study, we successfully expressed and purified a novel scFv antibody AD5 with specific binding affinity to cyclin D1. This study undoubtedly provides a novel potential tool for targeting cyclin D1 in the therapy, diagnosis and prognosis of cancer.
